The Ultrasonic Tissue Characterization (UTC) is primarily based on radio-frequency (RF) signals′analysis. The processing of these signals allowed the estimation of different quantitative ultrasonic parameters (backscattered coefficients -ICB-, velocity -SoS, etc). It is known that the RF contains information that can be used to noninvasively characterize the structural and mechanical properties of tissue. Scatterer diameter (or size) from ICB measurements have been already used to discriminate fibrosis from normal tissue. From these findings, our goal was to evaluate the scatterer diameter to test its potential in the discrimination of fibrosis groups (F0, F1, F2, F3, and F4, METAVIR scale) from 20 in-vitro human liver samples, explored at 20 MHz. The mean scatterer diameters (µm) measured were: 42.14±4.90 (F0), 40.18±10.51 (F1), 38.82±6.05 (F3) and 40.30±2.22 (F4). The Kolmogorov-Smirnov test has shown a non-significant level (p>0.05) indicating that the scatterer size estimation alone cannot differentiate between all fibrosis groups; an obvious overlap between groups appears. However, fr the two different combinations (ICB, Size) and (ICB, Size, SoS), the discriminant analysis has correctly classified 75% and 85%, respectively, of liver samples at a significant level (p<0.00005). The multiparametric study could play an important role to aid in the diagnostic of liver fibrosis.
INTRODUCTION
In the last thirty years quantitative ultrasound (QUS) has become a very important means for the study of soft tissues and the different techniques of ultrasound (US) tissue characterization are often based on the fact that the pathological processes (i.e., liver fibrosis) alter the physical properties of tissues. These alterations provoke changes in tissue structure, which can be manifest in the US backscattering features. Different investigations have shown that the acoustic parameters (velocity, attenuation, mean scatterer spacing…), and especially integrated backscattered coefficient (IBC) is sensitive to these changes and then it should be an appropriate parameter for identifying normal from diseased tissues. For example, various works have utilized this parameter for diagnosing pathologies in different organs (liver, heart, spleen and skin, …) [1] [2] [3] [4] .
On the other side, several studies have demonstrated that the ICB is closely dependent on the size, concentration and impedance of the scatterers in the medium [5] [6] [7] . Additionally, quantitative images that utilize the slope and intercept parameters to describe the scattered power spectrum have been used by Feleppa et al [8] and Lizzi et al [9] [10] [11] . More specifically, the average scatterer size has been found to be particularly sensitive to changes that early occur in disease processes. These facts have inspired the objective of the present work, which is to evaluate the scatterer diameter as a parameter to test its potential of discrimination between the different stages of hepatic fibrosis since one could easily go back from this parameter to the scatter size; bearing in mind that ultrasonic characterization is a non-invasive method and that biopsy is the gold standard in this field. Insana et al [7] proposed parametric images using estimates of the average scatterer size to describe tissue microstructure. Lizzi et al [9, 10] have estimated the average scatterer size in ocular and liver examinations by using the spectral slope, intercept and midband parameters. Other studies have also utilized the average scatterer size as parameter for diagnosing normal from cirrhosis liver.
To our knowledge, fairly all the studies were devoted to investigate extremes liver structures (normal, cirrhosis or cancerous) neglecting (for some reason) the detection of early stage fibrosis which is a very important diagnostic issue. And up to now, the gold standard means to explore the fibrosis stages still remains the hepatic puncture. This act is not well accepted by the patients for different reasons.
The main purpose of this work is to investigate the possibility to discriminate between the different stages of hepatic fibrosis (F0, F1, F2, F3, and F4 in the METAVIR scale) with the use of the ultrasonic parameter scatterer diameter, with a 20-MHz pulse-echo system applied to in vitro human liver samples.
MATERIALS AND METHODS

Data Acquisition
In this section, we briefly recall the method used to acquire the radiofrequency signals (RF). Detailed explanation can be found in Meziri et al [12] . Ultrasound (US) Backscattered echoes from 20 degassed fresh human liver specimens were positioned on a polished steel plate (6mm x 4 mm) beneath a thin plastic membrane, and then placed in a saline-water-filled reservoir kept at 35ºC to 37ºC by immerging it in a temperature controlled water bath. A 20-MHz transducer was placed above a perfect plane reflection at its focal distance F (Panametrics M316, 0.125" diameter, 0.75" focal length, 6-dB bandwidth from 6 to 30 MHz, 460 mm-6dB spatial resolution). Figure 1 represents a schematic diagram of the experimental set-up.
The twenty human specimens were grouped, according to the Metavir score, as follows F0 = 5, F1 = 5, F3 = 5 and F4 = 5 [13] . Spectral slope from liver samples can be estimated from backscattered RF signals obtained in our precedent work [12] . The estimate of this parameter is attractive because it allows the resolving of subwavelength structure in a statistical sense curves.
Integrated Backscatter Coefficient
The parameter used to evaluate backscattering from biological tissue is the backscatter coefficient. It has been shown that this parameter may be sensitive to subtle micro-architectural and pathologic changes in tissue. Numerous works have been done to measure the backscatter coefficient from liver tissue. The estimation of backscatter coefficient, expressed in decibels, was evaluated using the following equation [6] :
where f is the frequency, z is the depth, ȘI] is the backscatter coefficient in the liver, ‫_ޒ‬ s(f,z)| 2 ‫ޓ‬ is the spatial average spectrum of the backscattered signal from the specimen placed at the focal region, |s ref (f,z)| 2 is the average spectrum of the backscattered signal from plane reflector placed at the focal region, C A (f,z) is the attenuation correction term, its expression can be found in [6] , R p
The compensation for the attenuation requires the knowledge of the attenuation coefficient ĮI. Here, this coefficient was extracted from our previous work [12] . The experimental values presented later (Table 2) were used as the attenuation correction term in the expression of C is the reflection coefficient from the plane reflector, k represents the wave vector, a is the transducer radius, and F is the transducer focal distance.
A (f,z). Five backscattered power spectra ȘI] were obtained at different depth z of each liver sample by selecting the time window at successively increasing depths. At each depth, the integrated backscatter coefficient (IBC) was estimated using the equation below:
Spectral Slope and Scatterer Size
The evaluation of the spectral slope was performed according to works of Lizzi et al [9, 10, 14] . Briefly, their analysis treats calibrated power spectra S(f) of radiofrequency signals. Each RF signal was weighted by a hamming function and then underwent a Fast Fourier Transform (FFT). Spectral magnitude from each RF line was squared, averaged and then divided by a reference spectrum (from a plane plate) to compensate system functions. Then, the calibrated spectra were converted to dB and linear regression applied to determine spectral parameters. One of these parameters developed by the authors was the linear spectral slope m (dB.MHz-1) expressed as [10] :
where f 1 and f 2 are the minimum and the maximum frequencies in the bandwidth B and f c is the center frequency. After many considerable algebraic simplifications, a simple form for the spectral slope m was obtained [10] : where ȡ is expressed in mm and n follows the different types of scatterers (for our case n = 4) and b is the fractional bandwidth (b= B/ f c ). Once the spectral slope m is computed; a simple algorithm is used to estimate the scatterer diameter (ȡ 2 Figure 1 shows the RF signal acquisition setup from in vitro human liver tissue samples.
) according to the equation 4. We have chosen to use this model because it was applied under experimental conditions similar to the ones and also because this theory is as robust as others found in literature as the one proposed by Insana et al [7] .
FIGURE 1. RF signal acquisition set up from in vitro human liver sample
Statistical Analysis
All statistical computations were processed with STATISTICA 7 Software (free version). Statistical results were considered significant for p 0.05. First, the Kolmogorov-Smirnov test was applied to distinguish between the different fibrosis stages. And secondly, a linear discriminant analysis (standard method) was carried out to test the potentiality of combining: 1) two parameters (scatterer diameter, and integrated backscatter coefficient -ICB, and 2) three parameters (scatterer diameter, ICB and SoS) to separate the fibrotic stages. The values of integrated backscatter coefficient (compensated from attenuation) and SoS have been taken from our previous work [15] . 
RESULTS
Experimental Results
Statistical Results
The Kolmogorov-Smirnov test has shown to be no significant (p > 0.05) for the scatterer size in identifying the fibrotic stages, Figure 3 shows an overlap between all groups. The potentiality of combining two US parameters together (ICB and scatterer size) to separate the four stages F0, F1, F3 and F4) was tested by linear discriminant analysis (standard method) and gave a high significant level p < 0.00005. The results of the classification for the specimens are reported in Table 2 . It shows that all the specimens graded as F1 and F3, four specimens graded as F4 and three specimens graded as F0 are correctly classified. Figure 4 shows the different areas occupied by the four groups of the fibrosis liver. It is important to notice that groups F0 and F4 tend to be around the same area. However, by combining three parameters (ICB, Scatterer size and SoS), we obtain a significant improvement in the classification of the different fibrosis stages (85% of samples were correctly classified). The results are reported in Table 3 and plotted in Figure 5 . 
DISCUSSIONS AND CONCLUSION
Ultrasonic tissue characterization (UTC) based on spectrum analysis of backscattered radiofrequency signals provide information regarding the acoustic properties of tissue, such as the size, concentration and acoustic impedance of scatterers that are not available by conventional imaging methods [14, 16] . A relatively small amount of work on the estimation of backscatter properties in the hepatic tissue has been published in scientific literature (as compared to the volume of work done in attenuation or velocity estimation, for example). The works are mainly dedicated to explore the differentiation of the extreme cases (normal x cirrhosis) [17] thus making a little bit difficult a comparison between them and the present work. It has been more than twenty years that Lizzi et al. have used different correlation methods to describe backscattering. In this study, we have evaluated the scatterer diameter in 20 fresh human liver samples according the Lizzi's works et al [10, 14] in order to test the potential of this parameter to discriminate the different fibrosis stages by comparing the obtained results to the histological data.
Our results have shown an overlap between different fibrosis stages for the scatterer Size ( Figure. 3), so this parameter cannot be used alone to discriminate the fibrosis groups (according to the Kolmogorov-Smirnov test). Nevertheless, when combined with the integrated backscattered coefficient, discriminant analysis has shown 100% of correct classification for only the group F3. Two specimens F0 were misclassified as F4 and vice-versa ( Table 2 ). The mixture of these extreme classes has already been reported in literature [12] . This tendency can be observed in Figure 4 , where both groups are closer than the other two. One can say that it was obtained 75% of correct classification with this procedure. When adding the speed of sound (, SoS) to the previous combination, we obtain a significant improvement in the classification of the different fibrosis stages (85% of samples were correctly classified). We also note a slight overlap between the extreme stages (normal and cirrhosis). However, the samples belonging to F1 and F3 were correctly classified (100%). Figure 5 illustrates a clear separation between the different regions occupied each group. This is a promising indication that the multipatametric ultrasonic parameter may be useful for the prediction of liver fibrosis, especially for stages +RZHYHU WKH HODVWRJUDSKLF PHWKRGV VHHP WR EH more appropriate for the fibrosis [18] [19] [20] . So, this multiparametric study could play could be seen as complementary to the elastographic methods in order to predict all fibrosis stages.
A limitation of our results could be the relatively small number of specimens (20) . So it is recommended that further work should be carried out to confirm the results obtained here taking a relatively large number and at the same time introducing the stage F2 that is not in this study.
